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In the continuous casting process of steel, the bloom surfaces would experience intensive cooling
from the water-cooled copper mold to secondary cooling water spray. If the cooling process is
not controlled properly, hot ductility of the bloom surface microstructures would deteriorate,
and bloom surface cracks would form easily under straightening deformation in a curved caster.
Considering the above facts, the cooling scheme for the continuous casting of YQ450NQR1
steel bloom, a kind of vanadium-containing micro-alloyed steel, is studied with both
experimental investigation and mathematical modeling in this work. The authors first
investigate the hot ductility of bloom surface microstructures at various cooling rates using a
Gleeble thermal simulator. Then, the precipitation of V(C, N) particles and its influence on
ferrite formation during continuous cooling are studied and characterized using High-Temper-
ature Laser Scanning Confocal Microscopy. Based on these, the preferred cooling rate for
surface microstructures at the straightening position in the caster is obtained. To further reduce
the solute macro-segregation through enlargement of the equiaxed crystal zone, a cellular
automaton-finite element model is used to calculate heat transfer and solidification structure
evolution during the continuous casting process. After calibration with industrial trials, the
model is utilized to determine the critical position for columnar to equiaxed transition and to
adjust the pouring temperature for the melt. Combining the above research, a new cooling
strategy for YQ450NQR1 steel bloom is obtained, which can improve crack resistance of bloom
surface microstructures and reduce solute macro-segregation at the same time.
https://doi.org/10.1007/s11661-020-05819-9
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I. INTRODUCTION
IN the steel continuous casting process, the cooling
condition in the mold region and the secondary cooling
zone have predominant influence on the solidification
structure and surface quality in the casting bloom.[1,2]
This phenomenon has been extensively researched in
such works by Liu[3] and Thomas.[4] In a curved
continuous caster, due to large cross section dimension
and high thermal gradient from the bloom surface to
center, the solidification structure tends to vary from the
surface to center,[5,6] with a thin layer of fine equiaxed
grains initiated in the outer region[7] and a columnar
grain region stretching towards the bloom center.[8,9]
Subsequently, with the decrease of the superheat and the
forced convection in the molten steel, coarse equiaxed
grains form eventually in the central area.[10–12] Accord-
ing to the research from Dong,[13,14] the columnar to
equiaxed grain transition (CET) usually occurs in the
secondary cooling zone during steel continuous casting,
and it affects the solute macro-segregation behavior.
Proper enlargement and refinement of the central
equiaxed grain zone would reduce macro-segregation
of the solute.
In a curved caster, the bloom undergoes deformation
at the straightening position.[15,16] If the secondary
cooling is not controlled properly, the deformation-in-
duced strain at the bloom surface/subsurface would
exceed the critical value,[17–19] causing surface cracks,
which is a severe problem to the casting process and the
downstream rolling process.[20,21] The hot ductility of
steel at high temperatures is a valuable index for judging
the straightening temperature regarding certain steel
grades and casting conditions. Metallurgists and casting
engineers[22,23] usually refer to plots between reduction
of area (R.A.) curves and temperatures for steel hot
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ductility description. For straightening of steel in a
curved continuous casting process, the typical strain rate
is usually below 103 s1.[24] The hot ductility curve
usually comprises of two low ductility zones and one
high ductility zone between them.[25,26] Occurrence of
low ductility zone for continuously cast steel during
solidification and cooling is a combined result of phase
transformation and secondary phase precipitation.
According to Mintz[19,22] and some other research-
ers,[27–29] it is recommended to keep R.A. value above
60 pct in order to avoid deformation-induced surface
cracks. In actual steel continuous casting processes, the
bloom surface temperature should be controlled to
avoid the low ductility zones.
In this work, a type of vanadium-containing micro-al-
loyed YQ450NQR1 steel bloom (360 mm 9 450 mm in
cross section), which is produced by a curved caster, is
used to analyze the solidification and cooling process.
The hot ductility curves under various cooling rates are
plotted after thermal testing with a Gleeble thermal
simulator and the critical straightening temperatures at
various cooling rates are determined. Moreover, the
sample fracture morphologies and microstructures in
low hot ductility regions are characterized using the
scanning electron microscopy (SEM), the energy disper-
sive spectrometer (EDS), and the optical microscopy
(OM), respectively. Besides, the evolution of phases and
the precipitation of the secondary particles during the
continuous cooling process are observed in situ with the
HTLSCM and further calibrated with the thermody-
namic calculations. On this basis, the formation mech-
anism of the low ductility region is illustrated and the
desired straightening temperature in the secondary
cooling zone of the curved caster is determined. To
further study the solidification structures and the solute
macro-segregation in the bloom, a CA-FE model is
established to determine the critical position along the
casting direction where the CET starts. After calibration
with the industrial trials, the influence of the superheat
on the evolution of the equiaxed crystal ratio (ECR) and
the average grain size is illustrated with the calculations
and the optimal pouring temperature is determined.
Finally, the cooling strategy for the YQ450NQR1 steel
bloom in the curved caster is proposed which includes
(1) Change in pouring temperature to control the CET
and to reduce the solute macro-segregation and (2)
Reallocation of the secondary cooling water amount to
improve the ductility of the bloom surface microstruc-
ture and to reduce the surface cracks.
II. EXPERIMENTS
The cylindrical tensile samples (Figure 1) for the hot
ductility tests are cut from the surface microstructures of
the as-cast bloom. The hot ductility of the samples are
tested using a Gleeble thermal simulator, the R.A. value
of each sample is calculated using Eq. 1. Chemical
compositions of the steel are shown in Table I. The
experimental cooling rates (0.5, 1, 3 C/s,) are deter-
mined based on the actual temperature measurements
during the continuous casting process on site. The
thermal scheme for the hot ductility tests is shown in
Figure 2. The fracture surfaces of the tensile samples are
water quenched to keep the morphologies for further
metallographic analysis.
R:A: pct½  ¼ 1 d2
d1
 2" #
 100 pct ½1
where d1 and d2 are the sample diameter before and after
hot ductility test.
After the hot ductility tests, the sample fracture
surfaces are directly observed using the SEM. To further
study the phase transformation behavior of the steel
during the solidification and cooling process, a
HTLSCM (as illustrated in Figure 3) with an infrared
image furnace is employed for the ‘‘in situ’’ observation
Fig. 1—Sample dimensions for hot ductility test.
Table I. Chemical Composition of the YQ450NQR1 Steel (Weight Percent)
C Si Mn P S Cu Cr Ni V N Fe
0.123 0.42 1.33 0.012 0.0073 0.288 0.281 0.159 0.12 0.0125 bal.
3946—VOLUME 51A, AUGUST 2020 METALLURGICAL AND MATERIALS TRANSACTIONS A
of the V(C, N) precipitations and proeutectoid phase
transformations. The samples are heated and cooled in
an alumina crucible under the ultra-high-purity argon
gas. The temperature is measured at the bottom of the
holder in the crucible. The heat cycle is schematically
shown in Figure 4. The samples are heated up to
1500 C and held isothermally for 15 min to ensure that
the V(C, N) particles are completely dissolved, after
which they are cooled to room temperature with the
cooling rate (Vc) of 0.3 and 3 C/s, respectively. Finally,
the samples are mirror polished into metallographic
specimen and etched using the 4 pct nital solution to
further analyze the precipitations of the V(C, N) using
the SEM and the EDS.
III. MODELING
Based on experiments, a CA-FE model is further
established to calculate the heat transfer and solidifica-
tion structure evolution during the continuous casting
process. Detailed descriptions and validations of the
model can be tracked from some of the previous
works.[30] The operation parameters as well as the
details of the cooling system in the continuous casting
process which are used in this modeling work are shown
in Tables II and III, respectively. The influence of the
fluid flow on the heat transfer is considered by applying
the modified thermal conductivity in the mushy zone of
the casting bloom as is indicated in the previous work of
the authors. A schematic illustration of the coupled
CA-FE model is shown in Figure 5. In the calculation
process, the macro heat flow in the casting bloom is first
solved based on the finite element method. Then, the
temperature information on the nodes of the finite
element are interpolated onto the cellular automaton
cells using the interpolation coefficients (; values in
Figure 5). The grain nucleation and growth are further
calculated based on the model proposed by Gandin
[36,37] and Rappaz.[38] In this modeling, only ¼ of the
entire cross section (360 mm 9 450 mm) of the
YQ450NQR1 steel bloom is selected as the calculation
domain. To catch the thermal profile needed for the
microstructure modeling, a timestep of 0.01 second is
employed in the model. The finite element mesh size is 1
mm, the CA cell size is 50 lm. The equations for heat
flow, grain nucleation, and growth are listed below.
A. Macro Heat Transfer
Equation 2 is the two-dimensional heat transfer

















At the beginning of the casting process, the molten
steel temperature equals to the pouring temperature,
which is illustrated as T x; y; 0ð Þ ¼ Tc, where Tc is the
pouring temperature.
Fig. 2—Thermal scheme for the hot ductility tests at various cooling
rates.
Fig. 3—Schematic illustration of the HTLSCM.
Fig. 4—Heat cycle of the in situ experiments.
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In all the above equations, keff is the effective thermal
conductivity, q is the density of the molten steel, qw is
the water density, cw is the specific heat capacity, W is
the mold cooling water flow rate, DT is the temperature
difference between the water that flows in and out of the
mold, Am is the surface area of the mold, Tw is the
temperature of the cooling water, h is the heat transfer
coefficient between the mold and the bloom, r is the
Stefan-Boltzmann constant, e is the radiation coefficient,
and Text is the external temperature.
C. Heterogeneous Nucleation
A continuous nucleation distribution function
dn=d DTð Þ can be used to describe the change in the
grain density, dn, which is induced by an increase in the
undercooling d DTð Þ. The distribution function
dn=d DTð Þ is described by Eq.7.
dn











where DT is the calculated local undercooling, DTmax is
the mean undercooling, DTris the standard deviation,
Table II. Operation Parameters for YQ450NQR1 Steel Bloom
Cross Sectional Dimension Pouring Temperature Superheat Casting Speed Water Flowrate Mold Length
360 mm450 mm 1550 C 37 C 0.5 m/min 0.35 L/kg 850 mm
Table III. Parameters of Secondary Cooling System for YQ450NQR1 Steel Bloom
Segment Name Foot Roller Zone SCZ-I SCZ-II SCZ-III SCZ-IV Air Cooling Zone
Segment Length (m) 0.40 1.97 2.06 5.11 5.14 14.07
Fig. 5—Schematic illustration of the coupling between the finite
element and the cellular automaton cell.
Fig. 6—Plots of the R.A. vs the test temperatures at various cooling
rates.
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and nmax is the maximum nucleation density which can
be reached when all the nucleation sites are activated
while cooling.
D. Dendrite Tip Growth Kinetics
The total undercooling of the dendrite tip, DT, is
considered as the sum of four contributions:
DT ¼ DTc þ DTt þ DTr þ DTk ½8
where DTc, DTt, DTr , and DTk are the undercooling
contributions associated with the solute diffusion, the
thermal diffusion, the solid-liquid interface curvature,
and the attachment kinetics, respectively. In order to
accelerate the computation, the model is mathemati-
cally fitted, and the following equation is gained:
v DTð Þ ¼ a2DT2 þ a3DT3 ½9
where a2 and a3 are the coefficients of the multinomial of
the dendrite tip growth velocity, and DT is the total
undercooling of the dendrite tip. The influence of
precipitations on grain formations are considered by
properly selecting the nucleation parameters as indi-
cated in Table IV, where nmax is the maximum nuclei
density, DTn is the average nucleation undercooling, and
DTr is the standard deviation for the nucleation
undercooling.
IV. RESULTS
A. Hot ductility of the steel at various cooling rates
Plots of the R.A. values vs the test temperatures at
various cooling rates are shown in Figure 6. The phase
evolution and precipitation for the YQ450NQR1 steel
during the solidification and subsequent cooling are
calculated using the open source thermodynamics
library OpenCalphad, as is shown in Figure 7. It can
be known that the austenite (c phase) starts to form at
1482 C and the a-ferrite starts to form at 828 C. As is
seen in Figure 6, taking the critical R.A. value of 60 pct
as the lower bound, a high ductility zone exists either
above 970 C at the tested cooling rate or below 780 C
when the cooling rate is 3 C/s. Another interesting
phenomenon is that the R.A. value increases with the
cooling rate when the test temperature is below 850 C,
while it is the opposite when the test temperature
exceeds 850 C. To further find the reason of such trend
in the plots, the SEM is utilized to observe the fracture
morphologies of the samples. Figure 8 shows the frac-
ture morphologies of the samples at 800 C and 1050 C
with the cooling rates of 0.5, 1, and 3 C/s, respectively.
It can be seen from the fracture morphologies at 1050 C
(which is in the austenite region according to Figure 7),
the sample fracture is trans-granular type, while at 800
C where the a-ferrite has formed, the sample fracture is
intergranular type. At 1050 C, as the cooling rate
decreases, the void size and fraction decrease, showing
the signs of good hot ductility. At 800 C, with the
increased cooling rate, the average grain size decreases,
which contributes to the improvement of the hot
ductility.
B. In Situ Characterization of the Phase Transformation
and the V(C, N) Precipitation
According to the thermodynamics calculation for the
V(C, N) precipitation in Figure 7, it is found that the
V(C, N) particles start to precipitate at ~ 1100 C in the
austenite region and continue to precipitate until the
ferrite transformation occurs and finally deplete the
remaining austenite.
Considering the micro-alloying function of vanadium,
the V(C, N) precipitation during the steel solidification
process is vital for the hot ductility evolution, especially
for the non-uniform cooling during the continuous
casting process. To clarify the influence of V(C, N) on
the hot ductility, the HTCLSM is used to in situ observe
the V(C, N) precipitation and the ferrite transformation.
Details about the experiment procedures can be found in
the previous work.[31] Figure 9 depicts the in situ phase
evolutions at the cooling rate of 0.3 and 3 C/s,
respectively. It can be observed that at low cooling
rates, as the solidification continues, the a-ferrite initi-
ates from the grain boundaries and grows inward. With
Table IV. Nucleation Parameters Used in the Modeling
Mold Surface Nucleation Liquid Bulk Nucleation
nmax,s (m
2) DTn,s (C) DTr,s (C) nmax,b (m3) DTn,b (C) DTr,b (C)
(1.2 to 2.2) 9108 1.0 0.1 (1.6 to 3.2) 9109 8 to 15 1.5
Fig. 7—The phase evolutions of the YQ450NQR1 steel during the
solidification process.
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the increased cooling rate, some dark particles appear
inside the austenite grains; subsequently, the ferrite
initiates from the grain boundaries and from the grain
interiors almost at the same time. As is found by
Dippenaar [32,33] and others,[34,35] the dark particles are
the direct signs of the V(C, N) particles in this work.
Hence the observed V(C, N) precipitation behavior is in
accordance with the calculation from Figure 7.
Furthermore, the samples after the HTCLSM observa-
tions are characterized using the SEM and the EDS, as
is shown in Figure 10. It is clear that at low cooling
rates, V(C, N) precipitates along the austenite grain
boundaries, while at high cooling rates, V(C, N)
particles tend to disperse inside the austenite grains.
Based on the thermodynamic calculation and the
experimental work, it can be concluded that the V(C,
Fig. 8—The fracture morphologies of the samples at 800 C (a, b, c) and 1050 C (d, e, f) at the cooling rate of 0.5 C/s (a, d), 1 C/s (b, e), and
3 C/s (c, f).
Fig. 9—In situ phase evolution during the solidification of the samples at the cooling rate of 0.3 C/s (first row) and 3 C/s (second row).
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N) acts as inoculant particles to promote the proeutec-
toid ferrite nucleation in the YQ450NQR1 steel contin-
uous casting process.
C. CA-FE Modeling of the Solidification Structure
During the Steel Continuous Casting Process
Figure 11 illustrates the evolution of the solidification
structures along the casting direction based on the
casting parameters from the industrial practice. It is
found that the CET begins at the distance of ~ 8.17 m
from the meniscus, which is in the SCZ-III segment of
the secondary cooling zone (SCZ) according to the
caster parameters in Table III. Validations of the model
are completed with the following two ways: (1) the
bloom surface temperatures at multiple positions along
the casting direction are measured using the infrared
camera during the onsite casting process. In the
Fig. 10—SEM and EDS results of the V(C, N) precipitation at the cooling rate of 0.3 C/s (left) and 3 C/s (right).
Fig. 11—The evolution of solidification structures and the CET at the cross section of the bloom along the casting direction, (a) 0.39 m from the
meniscus, (b) 0.65 m from the meniscus, (c) 2.65 m from the meniscus, (d) 8.23 m from the meniscus, (e) 11.12 m from the meniscus, and (f)
15.82 m from the meniscus.
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meantime, the temperature distributions at the same
positions from the modeling are compared as in
Figure 12. (2) a slice of the bloom produced under the
same casting condition is taken and the cross-sectional
solidification structure is obtained after chemical etch-
ing. Two findings are worth mentioning according to the
previous work[30]: (1) the ECRs measured from the
actual casting and the modeling results are 26.3 and 27.1
pct, which proves the accuracy of the model and (2)
larger ECR can be achieved by employing lower pouring
temperature; hence it is feasible to obtain an optimal
pouring temperature in this work.
V. DISCUSSIONS
From the previous work, it is known that during the
continuous casting process of the YQ450NQR1 steel,
the straightening temperature falls into the low ductility
zone when the secondary cooling is not controlled
properly, which would cause the low ductility in the
bloom surface/subsurface microstructures and result in
frequent surface cracks. Moreover, due to the large cross
section of the bloom, solute macro-segregation occurs
easily. Based on this work, it is useful to properly
control the pouring temperature and the secondary
cooling scheme and to utilize the benefits of the central
equiaxed grain zone and the fine surface microstructures
containing dispersed V(C, N) particles. In this way, the
solute macro-segregation and the surface cracks can be
reduced at the same time.
Based on the above analysis, a new cooling strategy is
determined for the continuous casting process of the
YQ450NQR1 steel after a series of calculation trials: the
pouring superheat is 23 C (the original value was 37
C), the water flowrate is 2.6 L/min in the SCZ-III
segment in the SCZ (the original water flowrate was 51.5
L/min), and the water flowrate is 165.6 L/min in the
SCZ-IV segment in the SCZ (the original water flowrate
was 18.4 L/min). The surface temperatures from the
bloom corners with the original and the new cooling
schemes are shown in Figure 13.
According to the results from Section III–B and the
thermodynamic calculations from Figure 7, the onset
precipitation temperature for the V(C, N) particles is
~ 1100 C. From the heat transfer calculations (the
original temperature curve from Figure 13) and the
caster parameters (as shown in Table III), it can be
judged that the V(C, N) starts to precipitate mainly in
the SCZ-III and the SCZ-VI segments in the SCZ,
mainly in the bloom surface microstructures due to the
intense water cooling. It is known from the above study
that increased cooling rate can disperse the distribution
of the V(C, N), thus promoting the uniform distribution
of the ferrite and the refinement of the grains. As a
consequence, the hot ductility of the YQ450NQR1 steel
at the straightening point can be improved to avoid the
cracks. Based on the actual cooling condition and
Figure 6, the bloom surface cooling rate in the SCZ-IV
segment should be maintained above 1 C/s and the
straightening temperature should be controlled between
700 C and 800 C.
According to the temperature curve with the new
cooling strategy in Figure 13, the bloom surface
microstructures undergo a temperature increase in the
SCZ-IV segment, which would promote the dissolving
of the formerly precipitated V(C, N) particles. In the
SCZ-III segment, the bloom undergoes intensive cool-
ing, which would lead to the re-precipitation and the
dispersion of the V(C, N) in surface microstructures. In
this way, the hot ductility of the bloom surface is
improved to resist the crack formation during the
straightening operation.
According to Table III, the length of the SCZ-IV
segment is 5.14 m. Under the casting speed of 0.5 m/
min, the surface temperature from the bloom corners
decreases from 1365 C to 642 C at the exit of the
SCZ-IV segment, as the improvement in the surface
microstructure ductility is the key factor in preventing
the cracks formation during the straightening in con-
tinuous casting process. The R.A. values of the bloom
Fig. 12—Comparison of temperatures between the modeling and the
measurements.
Fig. 13—The comparison of the bloom surface temperatures with
the original and the new secondary cooling patterns.
3952—VOLUME 51A, AUGUST 2020 METALLURGICAL AND MATERIALS TRANSACTIONS A
surface and the subsurface should be above 60 pct.
Considering this requirement and to further validate the
idea, the thermal gradient and the cooling rate profiles
(both are average values calculated between the SCZ-IV
and the straightening point) at the bloom cross section
under the new cooling strategy are obtained as in
Figures 14 and 15; it can be seen that the variations of
the thermal gradient and the cooling rate are large at the
bloom surface, while it decreases and stabilizes at ~ 3.5
cm beneath the bloom surface. This indicates that the
cooling water will have an influence on the subsurface
microstructures within 3.5 cm from the bloom surface
during the continuous casting process. Figure 16 shows
the temperature profiles within 4 cm of the bloom
surface along the cross section direction with the new
secondary cooling pattern; it can be seen that within 3.5
Fig. 14—Thermal gradient profile at bloom cross section with the new secondary cooling pattern (average values calculated between the SCZ-IV
and the straightening point).
Fig. 15—Cooling rate profile at the bloom cross section with the new secondary cooling pattern (average values calculated between the SCZ-IV
and the straightening point).
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cm beneath the bloom surface, the temperatures are in
the range from 720 C to 750 C, all of which, according
to Figure 6, fall within the high R.A. region. Based on
the above analysis, the straightening temperature can be
controlled to avoid the low ductility region. A further
CA-FE modeling is carried out to compare the solidi-
fication structures of the YQ450NQR1 steel bloom with
the original (left) and the new (right) secondary cooling
patterns, as is shown in Figure 17. It is found that the
ECR increases to 31.3 pct with the new cooling strategy,
compared with the original ECR of 26.3 pct.
VI. CONCLUSIONS
In this paper, a new cooling strategy for the curved
continuous casting process of the vanadium-containing
YQ450NQR1 steel is proposed based on the experimen-
tal and the modeling results. Main conclusions are as
follows:
(1) The hot ductility of the YQ450NQR1 steel bloom
at different temperatures varies with the cooling
rates. The mechanism for the hot ductility evolu-
tion is a combined result of phase transformations
and V(C, N) precipitations.
(2) The HTCLSM is used to in situ observe the V(C,
N) precipitation and the ferrite formation at low/
high cooling rates. Combining the analysis of the
HTCLSM samples with the SEM and the EDS, it
is revealed that the increased cooling rates
promote the dispersion of the V(C, N) particles
inside austenite grains, which makes the distribu-
tion of the ferrite more uniform, thus enhancing
the hot ductility of the steel.
(3) Modeling of heat flow and solidification structure
formation is carried based on a CA-FE model,
and modeling results are validated against the
temperature measurements and the macrostruc-
ture characterization. Based on these, the new
pouring superheat is obtained to enlarge the ECR
in the bloom central zone and to reduce the solute
macro-segregation.
(4) A new cooling strategy is proposed based on the
above findings in which the pouring superheat is
23 C, the water flowrate is 2.6 L/min in the
SCZ-III segment of the SCZ, and the water
flowrate is 165.6 L/min in the SCZ-IV segment of
the SCZ. Using the new cooling strategy, the hot
ductility of the surface/subsurface microstructures
in the YQ450NQR1 steel bloom during the
straightening deformation can be improved to
avoid cracks and the ECR is increased from 26.3
to 31.3 pct.
Fig. 16—Temperature profiles within 4 cm of the bloom surface
along the cross section direction with the new secondary cooling
pattern (calculated at the straightening position).
Fig. 17—Modeling results of the solidification structures for the bloom cross section with the original (left) and the new (right) secondary
cooling pattern.
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Trans. A, 1999, vol. 30, pp. 3153–65.
Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.
METALLURGICAL AND MATERIALS TRANSACTIONS A VOLUME 51A, AUGUST 2020—3955
